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Abstract—Two different high performance quantum cascade
distributed-feedback lasers with four quantum-well-based active
regions and InP top cladding layers are presented. The first device,
which emitted at 9.5 m, was mounted junction down in order to
get high average powers of up to 71 mW at 30 C and 30 mW at
room temperature. The other device, which lased at 9.1 m, was
optimized for high pulsed operating temperatures and tested up
to 150 C at 1.5% duty cycle. The emission of both lasers stayed
single mode with more than 20-dB side-mode suppression ratio
over the entire investigated power and temperature range.
Index Terms—Distributed feedback, high power, high tempera-
ture, mid-infrared, quantum cascade laser.
I N RECENT YEARS, different spectroscopic techniques inthe mid-infrared (mid-IR) wavelength range have suffered
from the absence of convenient semiconductor light sources.
Lead salt lasers exist already for a long time, but their highest
operating temperature could not be pushed beyond 220 K [1].
In addition, even at cryogenic temperatures, their output power
remained relatively small, in the range of a couple of milli-
watts [2]. Although room-temperature quantum cascade (QC)
distributed feedback (DFB) lasers are so far available only in
pulsed operation, their much higher average output power has
made them very interesting light sources for spectroscopic ap-
plications [3], [4]. A variety of different experimental config-
urations and emission wavelengths has been published in the
last couple of years, among them photoacoustic spectroscopy
[5], and single-pass or multiple-pass absorption spectroscopy
[6]. Recently, we succeeded in fabricating a high-power 5.3- m
DFB QC laser with surface grating technology. Thanks to an ac-
tive region design based on a two phonon resonance, this device
exhibited peak powers in the 1-W range and could be operated
at high temperatures of up to 120 C [7]. Here, we report on two
similar DFB lasers emitting in the 9- m band; they use the same
two phonon resonance architecture as the 5.3- m device de-
scribed above, but are equipped with a regrown InP top cladding
layer over the grating. Since InP has a much higher thermal con-
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ductivity and a lower refractive index than the formerly used In-
AlAs top cladding layer, the thermal resistance and the modal
overlap of the laser will be greatly improved. With respect to
devices using ternary cladding layers, the performance is, thus,
superior in terms of high duty cycle and/or high temperature
operation. The first laser was optimized for high duty cycle and
high average power operation (up to 71 mW at 16% duty cycle
and 30 C), while the second laser showed excellent tuning
and high-temperature characteristics up to 150 C.
The fabrication of these lasers relied on molecular beam
epitaxy (MBE) for the active region and the waveguide layers,
and metal-organic vapor phase epitaxy (MOVPE) for the top
cladding and contact layers. Molecular beam epitaxy growth
started with the lower waveguide layer (In Ga As, Si, 6
10 cm , total thickness 0.225 m) on an n-doped InP
(Si, 2 10 cm ) substrate, proceeded with an active region
(thickness 1.82 m) and was finished by an upper waveguide
layer (In Ga As, Si, 6 10 cm , thickness 0.23 m).
Sample S1810 received then a grating with a period of 1.528
m, while the grating period of sample S1850 was 1.428 m.
Both gratings were chemically wet-etched to a depth of 190 nm
using an H PO –H O –H O (2 : 4 : 6) solution. After thorough
cleaning of the surface, the samples were transferred to an
MOVPE system, where the top cladding layer (InP, Si, 1
10 cm , thickness 2.5 m), the contact layer (InP, Si, 7
10 cm , thickness 0.85 m), and the cap layer (InP, Si, 1
10 cm , thickness 10 nm) were grown. The active region,
which formed the central part of the waveguide, consisted of
35 periods; those were alternating n-doped funnel injector
regions and undoped four quantum-well (QW) gain regions.
Typical electron scattering times and dipole matrix elements
as well as a general description of a four QW (or two phonon
resonance) design have been discussed in detail in [7]. The
layer sequence of sample S1810 in nanometers, and starting
from the injection barrier, was 3.8/2.1/0.7/6.3/0.9/5.9/0.9
/5.4/2.2/3.6/1.4/3.4/1.4/3.2/1.8/3.1/2.0/3.1 nm. In Al As
barrier layers are in bold, In Ga As well layers are in
roman, and n-doped layers (Si 3 10 cm for S 1810)
are underlined. Sample S1850 had its lasing transition at a
slightly higher energy and used, therefore, an injector with
seven well/barrier pairs. Its layer structure has been published
in [8]. Laser fabrication using ridge waveguide etching, Si N
deposition, metallization, and thinning proceeded then by
standard procedures. In order to have a large thermal conduc-
tance, device S1810 was mounted junction down on a copper
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Fig. 1. Series of L–I and I–V curves of a 26-m-wide and 1.5-mm-long
DFB laser taken from the sample S1810 and at different temperatures between
 30 C and 60 C. For this particular measurement, a duty cycle of 16% (45-ns
pulse length/3.6-MHz pulse repetition frequency) was used.
heatsink. This allowed, especially at high duty cycle, a very
efficient extraction of the produced heat. Since we tested the
other device (S1850) only at high temperature, but not at high
duty cycle, junction up mounting worked sufficiently well. In
both cases, a 2- m thick thermally evaporated In layer was
used for soldering.
For testing, the devices were placed into a Peltier-cooled
aluminum box with an antireflection coated ZnSe-window
(Alpes Lasers SA). Average output power and voltage versus
current ( – – ) curves at temperatures between 30 and
150 C could be measured in this configuration. A pulse length
of 45 ns was used with a variable pulse repetition frequency in
order to achieve a duty cycle between 0.1% ( kHz)
and 16% ( MHz). For the acquisition of emission
spectra at high duty cycle (sample S1810), we collected the
light with an Au-coated parabolic off-axis mirror (60 , ).
After reflection on a second parabolic mirror (90 , ), the
light was focused onto the input slit of a grating spectrometer
(Jobin–Yvon, m). At low duty cycle (S1850), a
Fourier transform spectrometer was used instead of the grating
spectrometer.
Fig. 1 shows a series of – - and – curves of a 26- m
wide and 1.5-mm long DFB laser taken from sample S1810.
For this particular measurement, a duty cycle of 16% was used.
The emitted average power was 71 mW at 30 C and 15 mW
at 60 C. At 1.5% duty cycle, we observed maximal slope ef-
ficiencies of 194 mW/A at 30 C and 93 mW/A at 60 C.
The corresponding threshold currents were 2.3 A and 3.34 A;
these values are equivalent to threshold current densities of 5.9
kA/cm and 8.55 kA/cm at the respective temperatures. The
characteristic temperature , which empirically describes the
behavior of the threshold current as a function of the tempera-
ture was 243 K. Exact matching between Bragg and gain peak
was achieved at 40 C; this led to a value which was some-
what better than the one observed with the Fabry–Pérot laser
fabricated from the same material ( K). At
16% duty cycle, the threshold currents were 2.7 A for 30 C
and 4.4 A for 60 C; giving rise to a slightly lower value
of 184 K. From the threshold current values at low and high
duty cycle and the at low duty, one can estimate the tempera-
ture increase in the active region with respect to the copper
heatsink. This calculation shows that for higher temperatures,
the laser active region heats faster than the heatsink (
Fig. 2. Series of emission spectra of a 26-m wide and 1.5-mm long DFB laser
taken from the sample S1810 and at different temperatures between 30 C and
60 C. Each spectrum was measured at the maximum output power at 16% duty
cycle.
Fig. 3. Series of L–I and I–V curves of a 24-m-wide and 1.5-mm-long
DFB laser taken from the sample S1850 and at different temperatures between
 20 C and 13 C (spacing 10 C). For this particular measurement, a duty
cycle of 1.5% (45-ns pulselength/333-kHz pulse repetition frequency) was used.
K at 30 C and K at 60 C). This is also illustrated
by the slightly elevated temperature tuning coefficient, which
can be derived from the spectra shown in Fig. 2. These spectra
are measured at 16% duty cycle and the maximal output power
for each temperature. The laser can be continuously tuned from
1046 cm at 30 C to 1038 cm at 60 C with a tuning coef-
ficient of K . Due to the over-
heating of the active region, this value is about 22% larger than
expected from the temperature-induced refractive index change
[9]. The spectral width of about 1 cm is due to the duration of
the electrical pulses; for shorter electrical pulses, we observed
a proportional linewidth narrowing [5]. The sidemode suppres-
sion ratio was on the order of 20 dB for the entire investigated
temperature range.
For the second DFB laser, which was fabricated from sample
S1850, – - and – curves as a function of temperature are
presented in Fig. 3. This device was 24 m wide and 1.5 mm
long. The curves are obtained at 1.5% duty cycle in order to
demonstrate the excellent high temperature capability of the ma-
terial. The highest temperature for which we could reliably mea-
sure the – – curve was 130 C. The threshold current in-
crease from 0.95 A at 20 C to 2.2 A at 130 C corresponds
to a characteristic temperature of 179 K. In contrast to the de-
vice presented above, this laser had the exact match between
Bragg resonance and gain peak at 20 C. This resulted in a
slightly worse value compared to the Fabry–Pérot laser fab-
ricated from the same material ( K). At
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Fig. 4. Series of emission spectra of a 24-m-wide and 1.5-mm-long DFB
laser taken from the sample S1850 and at different temperatures between 0 C
and 150 C (spacing 10 C). Each spectrum was measured at an injection
current of 2.5 A and at 0.1% duty cycle.
Fig. 5. Emission wavelength as a function of temperature of a DFB laser
S1850. The three curves correspond to the three different cases with a dc bias
of 0, 50, and 100 mA.
20 C, we observed a slope efficiency of 187 mW/A with a
rollover power of 300 mW; while at 130 C, 62 mW/A and
47 mW were seen. In Fig. 4, we present the emission spectra
measured at temperatures between 0 C and 150 C and a cur-
rent of 2.5 A. The duty cycle for this series of measurements
was 0.1% with 20-ns long pulses and a repetition rate of 50
kHz. Depending on the heatsink temperature, a sidemode sup-
pression ratio of at least 20 dB was seen. The emission peak
shifted continuously from 1114 cm at 0 C to 1102.4 cm
at 150 C. This is equivalent to a temperature tuning coefficient
of K . At low temperatures,
where the operating current of 2.5 A was much larger than the
threshold current, the laser suffered somewhat from chirping.
This led to a small shoulder on the long wavelength side (i.e.,
the small wavenumber side) of the main peak.
The high operating temperature of these DFB lasers could be
used to investigate the temperature dependence of the thermal
conductivity of the S1850 laser material. For this purpose, we
measured another two series of emission spectra under slightly
different conditions. The results of these experiments are shown
in Fig. 5. In the first experiment, the baseline of the electrical
pulses was shifted from 0 to 50 mA. This is equivalent to having
a 50-mA dc bias, on top of which we added a pulsed signal 50
mA smaller than before. For each temperature and a total cur-
rent of 2.5 A, the wavelength was compared to the one obtained
at normal conditions (no dc bias). In the second measurement,
we increased the dc bias to 100 mA and measured again the
emission wavelength for each temperature. The dc bias-induced
heating caused a measurable wavelength shift of the DFB laser.
For each given temperature, this wavelength shift (or tempera-
ture increase) remained at a constant value of 0.12 cm for
50 mA dc bias ( V) and 0.36 cm for 100 mA
dc bias ( V). Since a constant temperature increase
was observed for all investigated temperatures (when adding
a certain dc bias), we can conclude that the thermal conduc-
tivity remained unchanged with increasing temperature. From
the additional power to be dissipated and the observed temper-
ature increase, we can calculate the thermal resistance using
; this yields K/W or
(taking into account the area of the laser) W K cm .
In conclusion, we have demonstrated two different
single-mode QC DFB lasers based on a design with a
double phonon resonance in the active region. While the first
device was mounted junction down, and thus, optimized for
high average power and high duty cycle operation, the second
laser was soldered junction up and could be driven at elevated
temperatures of up to 150 C.
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